Hannover Carl-Neuberg-Straße 1 30625 Hannover Germany Tel.: ++ 49/5 11/5 32 34 21 Fax: ++ 49/5 11/5 32 94 21 hinrichs.jan@mh-hannover.de ZUSAMMENFASSUNG Ziele Evaluation der potentiellen diagnostischen Zusatzinformationen der pulmonalarteriellen C-Arm CT (CACT) bei Patienten mit chronisch thromboembolischer pulmonaler Hypertonie (CTEPH) und positivem Ventilations-/ Perfusions-Mismatch in der Einzelphotonen-Emissionscomputertomografie (V/Q SPECT).
Introduction
Chronic thromboembolic pulmonary hypertension (CTEPH) is a severe complication of an acute pulmonary embolism, with a reported incidence of 0.1 -9 % [1 -3] . Due to the increasing diversity of treatment options, e. g. surgery, balloon pulmonary angioplasty (BPA), and medical therapy, the accurate determination of the anatomical extent of the disease and the precise detection and characterization of the thrombotic material in the pulmonary vasculature become increasingly important [2, 4 -6] . Today, surgical pulmonary endarterectomy (PEA) is still the treatment of choice [2] . However, up to 40 % of all CTEPH patients are inoperable, mainly due to a peripheral location of their vascular pathologies [1, 6] . Medical treatment and the recently emerging BPA technique represent therapeutic options for inoperable patients [2, 7] . BPA can be used to treat peripheral, web-like stenoses and intraluminal bands in small, sub-segmental branches of the pulmonary arteries with encouraging treatment results [2, 6, 7] .
The assessment and detection of regional perfusion defects is indispensable for establishing the diagnosis of CTEPH [1, 2, 6] . Single photon emission computed tomography (SPECT) perfusion lung scintigraphy is a standard tool for the detection of perfusion defects in patients with suspected CTEPH [2, 4] . In patients who are highly suspicious for CTEPH, digital subtraction angiography (DSA) represents a standard method for verifying the diagnosis and for imaging morphological alterations of the pulmonary vasculature for further treatment planning [6] . However, DSA suffers from the limitations inherent to a projectional imaging technique. Due to recent technical advances, intra-arterial contrast-enhanced C-arm CT (CACT) of the pulmonary arteries can be acquired in conjunction with DSA [8, 9] . Local contrast administration in the main pulmonary artery allows the acquisition of an isolated pulmonary arterial contrast phase [8, 9] . As a true crosssectional modality, CACT has been shown to provide a more detailed and comprehensive CTEPH imaging work-up, especially with regard to the characterization of CTEPH findings [8 -11] .
Despite the well-established role of SPECT in the initial work-up of CTEPH for the detection of the disease, some studies suggest limitations of SPECT when it comes to CTEPH characterization on a segmental and sub-segmental basis [4, 12] . The purpose of our study is to provide insight into the added diagnostic value of C-arm computed tomography for patients suffering from CTEPH with a positive mismatch pattern in ventilation/perfusion (V/Q) SPECT.
Materials and Methods
Our hospital´s Institutional Review Board approved this retrospective study. The diagnostic evaluation of patients with suspected CTEPH at our institution follows a standard protocol based on current guidelines [6] . Patients with clinically suspected CTEPH are referred to the Department of Nuclear Medicine for SPECT imaging. A suspicious SPECT with ventilation/perfusion mismatches indicative of CTEPH is followed by DSA combined with contrast-enhanced CACT in order to confirm the diagnosis [2, 6, 13] . Invasive imaging is combined with right heart catheterization using the same venous access [8, 14] . Therefore, our study reflects the current guidelines for CTEPH and represents the clinical routine [6] .
During the study period from June 2013 to July 2014, 97 patients (54 men, 43 women; 64 ± 14 years of age) with suspected CTEPH underwent the aforementioned imaging work-up. The inclusion criteria for this study were as follows: acquisition of SPECT and CACT in the same patient in our institution within a maximum of 14 days between both examinations; and diagnosis of CTEPH by right heart catheterization and imaging studies [6] . Patients with a history of lung surgery or pulmonary congenital abnormalities or with combined V/Q defects were excluded from our study. Finally, 28 patients (23 men, 5 women, mean age 62.1 ± 17.8 years) met the inclusion criteria.
SPECT image acquisition
Pulmonary scintigraphy included a perfusion and ventilation SPECT. SPECT imaging was performed on a Symbia T2 (Siemens Healthcare, Forchheim, Germany) with the patient in a supine position. In SPECT mode, 64 projections (matrix: 128 × 128) were acquired in one bed position on a 360°trajectory. The acquisition time per projection was 20 s for ventilation and 10 s for perfusion. Iterative reconstruction was performed using ordered subsets expectation maximization (OSEM) with four subsets and eight iterations.
Ventilation scans were acquired after inhalation of 200 ± 6 MBq Tc-99m-technegas over 3 -6 respiratory cycles, prepared in a generator (Technegas Generator, Tetley Manufacturing Ltd, Sydney, Australia), and of which approximately 20 -40 MBq accumulated in the lung. Immediately thereafter, perfusion studies were performed after intravenous injection of 200 ± 13 MBq of Tc-99mlabelled human serum albumin microspheres (ROTOP Pharmaka GmbH, Dresden, Germany). The geometric resolution of the SPECT camera is 6.4 mm.
Image analysis of SPECT scans
Anonymized images of SPECT lung scans were interpreted by one clinically experienced nuclear medicine physician (I.S. with five years of clinical experience in lung imaging) who was unaware of the angiographic data. Planar images were not analyzed for this study. Pulmonary artery segments were assessed using a standardized segmental lung reference chart according to the Boyden nomenclature [15] . In brief, the pulmonary arteries were subdivided into 18 pulmonary artery segments (PAS): 10 right lung (RA), 8 left lung (LA) per patient.
The perfusion images were interpreted in conjunction with the ventilation images. A perfusion defect was identified as a characteristic V/Q mismatch, i. e. reduced perfusion associated with normal ventilation, within a pulmonary artery segment. Patients with combined perfusion/ventilation defects were excluded from this study. The segmental CTEPH finding score for perfusion/ventilation mismatches was assigned based on a 3-point scale for each of the 18 segments as follows: 0 = no perfusion defect; 1 = subsegmental perfusion defects; 2 = segmental perfusion defects.
C-arm computed tomography image acquisition
Following positive SPECT, invasive imaging, including contrast-enhanced CACT of the pulmonary arteries, was acquired on a monoplane, ceiling-mounted angiographic system equipped with a 30 × 40 cm, flat-panel detector (Artis Q ® , Siemens Healthcare, Forchheim, Germany). A 5F pigtail catheter (Optitorque ® , Terumo Europe, Leuven, Belgium) was placed in the pulmonary trunk and contrast agent was administered using a dual-barrel injector (Accutron HP-D, Medtron AG, Saarbrücken, Germany) within a single modest inspiratory breath-hold (total injected volume 70 mL, comprising 49 mL Iomeprol 300mgI/mL and 21 mL saline solution, effective iodine concentration 210mgI/mL, flow rate 8 mL/ s) [8] . A standard preset (6 s DR DynaCT ® ) was applied. For each patient one CACT with central contrast injection in the main pulmonary artery was acquired. The CACT dataset with an isotropic voxel size of (0.4 mm)³ was computed on a dedicated workstation (syngo X Workplace ® VD10A, Siemens Healthcare).
Image analysis of CACT images
CACT images were anonymized and assessed by one qualified interventional radiologist (J.B.H. with five years of clinical experience in cardiovascular and interventional radiology) and who was unaware of the SPECT data. Pulmonary artery segments were assessed using the same standard reference chart as described above [15] . The reader recorded the location of segmental or sub-segmental findings suggestive of the presence of thromboembolic material or residuals in the pulmonary arteries, such as wall-adherent thrombotic material, intraluminal or eccentric filling defects, abrupt changes in vessel caliber, post-stenotic dila-tations, intraluminal webs and bands, luminal narrowing and complete occlusions. For assessment of the CACT images and detection of the pathologic CACT findings, the reader was allowed to use average intensity projections (AvIP), thin-slice MPR, and MIP in any orientation at his own discretion. The slice thickness of the MIP images was interactively adjusted if necessary in order to optimize image interpretation. A segmental CTEPH finding score was assigned based on a 3-point scale for each of the 18 segments as follows: 0 = pulmonary artery segments without signs of CTEPH with preserved patency; 1 = sub-segmental defects of the pulmonary artery patency, e. g. partial obstruction, webs, and bands causing sub-segmental filling defects; and 2 = complete obstruction with segmental loss of pulmonary artery patency. Substantial motion artifacts impairing CACT image analysis with regard to findings indicating CTEPH were not detected.
Diagnostic right-heart catheterization
Right-heart catheterization was performed immediately before invasive imaging. A jugular or femoral venous access was established using an 8 French (F) introducer sheath (Avanti+, Cordis, Waterloo, Belgium), and a 7F Swan-Ganz catheter (Edwards Lifesciences, Unterschleissheim, Germany) was then inserted. Standard right-heart catheterization measurements were performed, including the mean pulmonary-artery pressure (PAP mean ). The pulmonary vascular resistance (PVR; dyn*s/cm 5 ) was calculated.
Radiation exposure
The mean effective radiation dose for CACT was assessed using 100 thermoluminescence detectors (TLD-100H; Thermo Fisher Scientific, Waltham, MA) in an anthropomorphic, radio-equivalent, whole-body phantom (adult male phantom, model 701, CIR-Sinc, Norfolk, VA, USA), as described in the literature [16] , in order to elucidate the potential differences in radiation exposure. The mean effective dose was computed according to the recommendations of the International Commission on Radiological Protection Publication 103 [17] . The total uncertainty of the radiation dose measurements was estimated to be 7 %.
Data evaluation and statistical analysis
Descriptive statistical analyses of the patient demographics, rightheart catheterization, SPECT, and CACT data were calculated.
To assess a pulmonary artery CTEPH severity score (PACSS) for CACT (PACSS CACT ) and SPECT (PACSS SPECT ), the sum of the segmental CTEPH finding score for each modality was computed (range from 0 = no findings in all 18 segments to 36 = occlusion of all 18 segments). Each patient was assigned to either conservative or invasive treatment by the CTEPH Board whose decision was based on a consensus including the SPECT imaging findings and invasive imaging as well as the clinical parameters and right heart hemodynamics. The overall correlation of PACSS CACT and PACSS SPECT was calculated (Spearman's rank correlation coefficient: ρ) in order to describe their agreement. The median overall PACSS CACT and PACSS SPECT were compared using the pairwise Wilcoxon signedrank test. The median PACSS dependent on the treatment decision was compared for each modality using the Mann-Whitney U-Test. Moreover, the PACSS assessed by each modality was correlated (Spearman's rank correlation coefficient: ρ) to the right-heart ca-theterization pressure measurements reflecting a clinical CTEPH severity parameter [18] . Cohen's kappa (ĸ) was calculated in order to determine the inter-modality agreement of the segmental CTEPH finding score for SPECT and CACT. The interpretation of kappa followed previously published guidelines [19] .
A p-value of 0.05 was defined as the level of statistical significance. Statistical analyses were conducted using commercially available software (JMP 11, SAS Institute, JMP Office Germany, Böblingen, Germany). Demographic data and right-heart catheter measurements are presented as mean ± standard deviation. Calculated values of PACSS are given as median and 25/75 interquartile range.
Results 28 patients were enrolled in this study (23 men, 5 women, mean age 62.1 ± 17.8 years) with a PAP mean of 42.1 ± 10.0 mmHg and a PVR of 656.3 ± 337.7 dyn*s/cm 5 .
Overall, 504 pulmonary artery segments were examined using SPECT and CACT. Both imaging modalities showed abnormalities suggestive of CTEPH in all of the investigated patients who were thus detected to suffer from CTEPH. SPECT showed a PACSS range of 2 -20 (median 10 [25/75 quartile: 7.75/13.5]) and CACT of 1 -22 (median 15 [13.75/17] ). PACSS SPECT and PACSS CACT were significantly correlated (ρ = 0.58, p = 0.001). Concerning the treatment decision of the institutional CTEPH Board which assigned patients to a conservative (medical therapy, n = 10) or an invasive (PEA and BPA, n = 18) group, the PACSS CACT median was significantly different (p = 0.04), whereas the median of PACSS SPECT lacked signifi- cance (p = 0.06; ▶ Fig. 1 ). PAP mean showed a significant difference between the two treatment groups (conservative: 36 ± 8 mmHg; invasive: 46 ± 9 mmHg; p = 0.02). A mild correlation of elevated PAP mean and PACSS could be demonstrated for PACSS CACT (ρ = 0.48, p = 0.01), whereas no significant correlation was found for PACSS SPECT (ρ = 0.32, p = 0.1; ▶ Fig. 2) .
SPECT detected 266/504 (53 %) arterial segments without and 238/504 (47 %) segments with V/Q mismatch, whereas CACT detected 131/504 (26 %) segments without abnormal findings and 373/504 (74 %) segments with findings indicating CTEPH. CACT showed 145 sub-segmental findings indicating CTEPH rated to be normal on SPECT. SPECT detected more segmental findings classified to be sub-segmental by CACT (23/504; 5 %), whereas CACT detected fewer segmental findings rated sub-segmental by SPECT (9/504; 2 %; ▶ Table 1 ). Sub-segmental findings on CACT consisted mostly of web-like stenoses and band-like structures in the pulmonary arteries. Two different examples of relevant discordant findings on SPECT and CACT are shown in ▶ Fig. 3, 4 . The inter-modality agreement of SPECT and CACT was fair (ĸ = 0.38; ▶ Table 1 ). Phantom radiation measurements of thoracic CACT for male and female patients revealed an effective radiation dose for males of 1.81 mSv and for females of 2.58 mSv.
Discussion
V/Q scintigraphy has been reported to be a valuable tool for excluding the diagnosis of CTEPH with a negative predictive value of nearly 100 % [20, 21] . Nevertheless, studies comparing perfusion scanning and contrast-enhanced multi-detector computed tomography (MDCT) in patients suspected to suffer from CTEPH published sensitivity values for the detection of CTEPH with substantial variations [4, 20, 21] .
In 2007, Tunariu et al. reported a significantly higher sensitivity for V/Q scintigraphy of 97 % compared to 51 % for pulmonary MDCT [20] . These results demonstrate the insufficiency of tem-poral and spatial resolution obtained with the four-slice and eight-slice MDCT used at that time. The more recent prospective study of He et al., published in 2012, reported the substantially higher diagnostic sensitivity of 92 % for CTEPH detection by pulmonary MDCT, while the sensitivity of 96 % for V/Q scintigraphy was similar [21] .
Interestingly, Soler et al. reported a sensitivity of 62 % for SPECT and 48 % for MDCT for the detection of CTEPH vascular lesions on a pulmonary artery segment base compared to the gold standard of DSA imaging and histological specimens following PEA [4] . The latter result is a strong indicator that both methods may underestimate the extent of the disease. Not detecting pathologies with MDCT in the study of Soler et al. can be explained by the use of 4-row to 64-row scanners, thus resulting in a high variability of spatial resolution and an inferior pulmonary artery contrast enhancement compared to DSA [4, 8, 9] . In the case of SPECT, the missed findings might be explained by the assumption that web stenoses may not necessarily hinder tracer accumulation [4] .
Digital subtraction angiography of the pulmonary arteries is still used for preoperative and pre-interventional work-up in CTEPH patients [6] . In two recent studies, additional CACT of the pulmonary arteries was shown to improve the diagnostic work-up of CTEPH patients and may be particularly useful prior to invasive treatment [8, 10] . As thoracic CACT uses direct contrast medium injection into the pulmonary arteries, it combines features of DSA and MDCT [8 -10] . Therefore, we attribute the higher number of abnormal imaging findings on CACT compared to those on SPECT to the following combination of DSA and MDCT imaging features, i. e., outstanding spatial resolution, local contrast medium administration, and 3 D imaging of the pulmonary arteries and the surrounding anatomical structures. Moreover, CACT is not affected by the collateral systemic blood supply to the pulmonary vasculature, which is said to diminish the image quality of MDCT [22, 23] .
In our study, analyzing the added diagnostic value of contrastenhanced pulmonary artery CACT in patients with a positive ven-▶ [24, 25] . The effective radiation dose of thoracic CACT measured in our study was in a slightly higher range of 1.8 -2.6 mSv, which is in an acceptable range when the additional findings are taken into account.
The main reason for detecting more sub-segmental lesions might be that small, intra-vascular webs and bands, underlying CTEPH and treatable by BPA in the pulmonary arteries do not substantially hinder blood flow and tracer accumulation. Therefore, SPECT may not be able to identify non-occlusive pathological findings. This hypothesis is supported by Dournes et al. who reported negative findings in V/Q scintigraphy and dual-energy CT-based iodine maps, while MDCT revealed obvious webs and bands in the particular pulmonary artery [12] .
Hong et al. reported different perfusion patterns when comparing acute pulmonary embolism and CTEPH with the use of delayed dual-source CT, thus indicating significant vascular remodeling in CTEPH patients [22] . As stated by Soler et al., CTEPH as a chronic condition might allow the vessels to partially reperfuse, to redistribute blood flow, and to cause neo-vascularization of the pulmonary arteries [4] . These phenomena may also limit the value of SPECT perfusion scans for localizing CTEPH lesions [4] .
The calculated PACSS for CACT showed a positive correlation with the mean pulmonary artery pressure. PAP mean serves as an indicator of disease severity in CTEPH, as it reflects the hemodynamic consequences of chronic thromboemboli [18] . In concor-dance, a mildly significant difference of the median PACSS between the two patient groups undergoing either conservative or invasive treatment decided by the CTEPH Board was only detected for CACT. The CTEPH Board decision was based on a consensus including the SPECT imaging findings and invasive imaging as well as the clinical parameters and right heart hemodynamics. Both findings support the idea that the identification of additional vascular pathologies by CACT may not only provide more detail regarding the functional compromise, but may also translate into refined therapeutic decision-making. Whether this concept remains true in larger patient groups, whether the additional diagnostic information provided by CACT adds prognostic value to the identification of patients at an elevated risk, and how the information can be used to modify therapeutic decisions for the best possible outcome should be the subject of subsequent clinical trials.
Our study has several limitations. The small number of patients undergoing the different treatment strategies, especially BPA (n = 5), limited the ability to identify major statistically significant differences between the two imaging modalities. A direct comparison between CACT, SPECT, and histologic specimens would be an option to generate true sensitivity and specificity values, as shown by Soler et al. [4] . However, the direct correlation of imaging findings and histologic probes is only possible after PEA. One possibility of overcoming the difficulties with histologic probes might be a comparison of the investigated imaging modalities with supra-selective DSA, as acquired during pulmonary angioplasty [11] . Supra-selective DSA may also help to overcome the lack of a true reference standard to assess findings on the segmental and sub-segmental level of the pulmonary arteries in CACT [11] , which is a limitation of our study.
Another limitation is the fact that the use of CACT was triggered by positive SPECT, which might lead to a referral bias. SPECT serves as a method for detecting potential CTEPH, and invasive imaging is used for confirming the diagnosis and characterization of the lesions. This may lower the impact of SPECT on the therapeutic decision. However, our study reflects clinical standards and the clinical routine and is, therefore, useful as an indicator of clinical relevance.
A further limitation of our study is the use of stand-alone SPECT. Previous studies have acknowledged that combined SPECT/CT imaging improves the specificity and overall diagnostic accuracy of lung scintigraphy, at least in patients with an acute pulmonary embolism [26, 27] . Another benefit of SPECT/CT compared to SPECT alone is the improved assignment of perfusion defects and lung segments [26, 27] . Therefore, a comparison of high-resolution CACT and high-resolution V/Q SPECT/CT examinations could be of additional clinical value and thus requires further examination.
Conclusion
In conclusion, V/Q SPECT of the lungs is a valuable tool to exclude CTEPH. However, against the background of increasing diversity and challenging nuances in CTEPH treatment, CACT seems to provide added details for vessel characterization. This may be of importance for future clinical decision-making as pulmonary angioplasty represents a promising new treatment option targeting peripheral findings and making a more precise evaluation of the arterial pulmonary vasculature mandatory.
CLINICAL RELEVANCE OF THE STUDY
The rapidly increasing treatment options of CTEPH, especially BPA, require an exact and comprehensive assessment of findings indicating CTEPH in the pulmonary vasculature for appropriate treatment planning. CACT has the potential to add significant diagnostic information to V/Q-SPECT-positive CTEPH patients concerning the clinical evaluation process and the final therapeutic decision.
